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Fourier transform ion cyclotron resonance (FTICR) spectra generated for large ion popula- 
tions exhibit frequency shifts and line broadening, apparently due to Coulomb forces 
between ions. Although previous two-dimensional (2D) models of Coulomb effects in FTICR 
accounted for frequency shifts, they did not account for spectral line broadening. In this 
article, a 2D model is proposed that predicts line broadening due to Coulomb-induced 
frequency modulation. The model considers the case of two different-mass ions orbiting at 
their respective cyclotron frequencies around a common guiding center. A mutual modula- 
tion of the cyclotron frequency occurs at the difference frequency between ions. If the 
modulation period is much shorter tnan the FI’ICR observation time, then sidebands spaced 
at intervals approximately equal to the modulation frequency are predicted. However, if the 
modulation period is similar in duration to the FTICR observation period, the sidebands can 
no longer be resolved, which results in spectral line broadening. This latter case is a 
necessary consequence for isotopic peaks in the high mass region around m/z 2000, where 
deterioration in FTICR performance has been observed. Computer simulations are used to 
confirm the mass dependence and to demonstrate other features of the model, including a 
strong dependence of the modulation on ion number. In support of the model, experimental 
FTICR spectra for large populations of methylnaphthalene ions at m/z 141 and 142 exhibit 
constant frequency sidebands corresponding to multiples of the difference frequency for the 
two ions extending from nominal values of m/z 136 to 147. (1 Am Sot Muss Spectrom 1993, 4, 
909-916) 
F ourier transform ion cyclotron resonance (FTICR) mass spectrometry has proven to be a powerful analytical tool due to its high mass range, ultra- 
high mass resolution, and multiplexing capabilities 
[l-3]. For example, Ijames and Wilkins [4] have re- 
ported a resolving power of 60,000 for m/z 5922 of 
PPG-4000 using laser desorption/ionization. However, 
the performance of FTICR in the analysis of 
biomolecules has often been disappointing. Hunt et al. 
[5] reported the detection of the cesium iodide cluster 
of m/z 5848.7 at a resolving power in excess of 30,000 
but achieved less than 100 resolving power on bovine 
insulin at m/z 5734. Efforts to obtain high mass FTICR 
spectra of biomolecules using matrix-assisted laser 
desorption have often failed to produce the expected 
resolution [B, 71, although recent results are much 
improved [8]. Electrospray ionization has been very 
successful in generating high resolution, high mass 
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FTICR spectra [9]. However, this has been accom- 
plished by lowering the mass-to-charge ratio of the 
biomolecules to a range that is more amenable to 
FTICR detection. 
Clearly there are complex mechanisms at work 
which can seriously degrade high mass performance, It 
is important that the forces behind these mechanisms 
be elucidated and corrected to maximize instrumental 
performance and to make high resolution FTICR spec- 
tra routinely obtainable. There is a growing body of 
literature detailing possible explanations for this phe 
nomenon. Hanson et al. [lo] have suggested that mag- 
netic field inhomogeneities coupled with the kinetic 
energy of externally injected ions can cause radial 
diffusion of the ion cloud, resulting in loss of ion-phase 
coherence, thus limiting transient lifetime. Gross and 
co-workers [ 111 have described a mechanism for radial 
ion cloud expansion that occurs due to a parametric 
resonance between trapping and cyclotron oscillations. 
This study involved a scaling technique [12] developed 
by the same group which allows the characterization 
of high mass phenomena by studying low mass ions at 
a reduced magnetic field strength. 
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Another explanation for resolution problems at high 
mass is the possibility that deleterious ion-ion interac- 
tions promote line broadening. It is commonly ob- 
served in FTICR experiments that spectra of large ion 
populations exhibit frequency shifts and line broaden- 
ing due to Coulomb forces between ions. Modeling of 
Coulomb interactions has been accomplished previ- 
ously by several groups [13-161. For example, Wang 
and Marshall [14] have examined the interaction be- 
tween ions of the same mass but different centers of 
gyration. Alternatively, Chen and Comisarow [ 151 used 
a point-charge model to simulate the interaction be- 
tween different mass ions with a common orbit center. 
This model was then expanded by the authors from 
point-charges to charged disks [16]. These models have 
shown that, in two dimensions, the instantaneous 
position-dependent force between ions results in a 
mutual cyclotron frequency modulation. The average 
effect of this modulation is evaluated and found to 
produce a negative shift in the measured cyclotron 
frequencies of the ions. However, none of these previ- 
ous two-dimensional (2D) models has accounted for 
spectral line broadening. Only when the models are 
extended in three dimensions do line broadening 
mechanisms emerge. 
In contrast with these previous efforts to model 
ion-ion interactions, the present work describes the 
development of a 2D Coulomb line broadening model 
for the general case of two ions of different mass-to- 
charge ratio orbiting around a common center. The 
instantaneous position-dependent force between these 
ions results in a mutual cyclotron frequency modula- 
tion which occurs at a frequency equal to the differ- 
ence between the ion cyclotron frequencies. When a 
time-dependent evaluation of this modulation is con- 
sidered, we find that such modulation will result in 
spectral line broadening when the period of the fre- 
quency modulation is comparable to the experimental 
observation time. Such a case exists when analyzing 
ion populations consisting of relatively high mass ions 
with small differences in mass. The implications of this 
model for the deterioration in FTICR resolution at high 
mass are evaluated and comparisons are made with 
systems which do exhibit high resolution at high mass. 
Theory 
Shown in Figure 1 is a point-charge model of two 
different ion masses undergoing cyclotron motion with 
common orbit centers. The separation of these ions, d, 
is given in polar coordinates by eq 1. 
d = ( r2 - rlcos 0)’ + ( ~ r,sin 0)’ (1) 
Expanding eq 1 and applying the proper trigonometric 
identity yields eq 2. 
d = (ri - 2v,r,cosO + rf) (2) 
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Figure 1. Point-charge model of Coulomb effects. Two diffcr- 
ent-mass ions orbit around 8 ccmmm guiding center at their 
respective cyclotron frequencies with arbitrary phase and radii. 
This equation gives the instantaneous distance be- 
tween the ions as a function of their cyclotron radii 
and phase angle (0). This is a continuously changing 
distance which can be easily visualized in a coordinate 
frame that rotates at the cyclotron frequency of m, 
[17]. In this frame, m2 is stationary while m, rotates at 
a frequency equal to the difference frequency between 
nz, and m2. The Coulomb force between the ions is 
then given by eq 3 
kq192 
Fcou, = ~ = 
h YZ 
d2 (I,’ - 2r,r,cos 0 + r:) 
(3) 
where k is the Coulomb constant and 91 and q2 are the 
respective charges on Q and ~1~. This force represents 
the total force between the ions and can be resolved 
into two components, one parallel and one perpendicu- 
lar to the instantaneous velocities of the ions. The 
parallel component of the force is orthogonal to the 
Lorentz force and therefore cannot perturb the ion’s 
cyclotron frequency. However, the perpendicular com- 
ponent of the Coulomb force directly opposes the 
Lorentz force, which causes a negative shift in the ion’s 
cyclotron frequency. The perpendicular force on tizr 
due to lwl is given by eq 4 
F, = Fc,,,,sin $ (4) 
where r$ is the angle between ions as defined in Figure 
1. Substituting eq 3 into eq 4 gives 
F,= 
kq,q,(r, - rlcos 0) 
(Y; - 2v,v,cos 0 + r:)3’2 
(5) 
Equation 5 yields the instantaneous frequency-shifting 
force on m2 due to m, as a function of their cyclotron 
radii, their charges, and the angle between ions. The 
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equation is flawed, however, by the fact that the force 
goes to infinity for r1 = r2 and 0 = 0”. This condition 
is not possible, and instead as the magnitude of the 
Coulomb force approaches the Lorentz force magni- 
tude, the ions will move apart to avoid each other so 
that superposition will not occur. 
A more realistic model is to assume slightly differ- 
ent radii for m, and m2. The difference between radii 
then becomes an important consideration. In reality it 
is not two point-charges that pass by one another but 
rather two ion clouds that pass through each other. 
The most satisfying physical model of this situation to 
date is the charged disk model of Chen and Comis- 
arow [16]. It was shown in that work that as two disks 
overlap, the net radial force produced by overlapped 
portions of the disks is zero. The total force between 
disks can then be described by an “apparent” distance 
between unoverlapped portions of the disks. This dis- 
tance is constant as the disks move through each other 
and is equal to the disk diameter (assuming two disks 
of equal size). A good approximation for this distance 
is the diameter of a typical ion cloud, which is on the 
order of 1 mm for the ions considered in this work. 
Thus we will model with r, and ra differing by that 
distance. However, now the direction of the radial 
Coulomb force depends on whether rr is larger or 
smaller than rp_ In reality there will be many ions, 
some with rr > rz and some with I, < r2. A simple 
attempt to model this situation is shown in Figure 2. 
Here, m2 orbits around the center track with charge q2 
while the perturbing ion cm,) is split into two equal 
pieces, each with charge l/2 qr, one with r1 > r2 and 
one with r1 < r2. Equation 5 then becomes 
(r, - (rl + Arkos 0) 
2(r, + Au)r,cos 0 + (r, + AY)‘)~‘* 
r2 - (rl - Ar)cos E, 
+ (ri - 2(r, - Ar)r,cos 0 + (r, + ArJZ)3’2 
(6) 
where Ar is the difference in cyclotron radius between 
r1 and rz. Equation 6 yields a finite frequency-shifting 
force over all 0 and thus provides a time-dependent 
analytical expression from which a shift in cyclotron 
frequency can be obtained. The frequency shift is nega- 
tive, which can be understood by examining Figure 2 
and noting that the perturbing charges always exert an 
outward radial force on q2 (except for a small portion 
of the orbit of the outer perturbing charge). This net 
outward radial force on q2 subtracts from the Lorentz 
force, thus causing a negative frequency shift. If it is 
assumed that any change in the net radial force is 
small with respect to the Lorentz force, then the radial 
Figure 2. Split-charge model of Coulomb effects. To avoid an 
infinite force for r, = r2 and 0 = 0, the perturbing ion (9,) is 
split into two equal pieces, each with a slightly different radius 
than the ion of interest (9* ). 
force can be equated with the negative frequency shift 
of tnz by eq 7 
F, = Aw,q,r2B 
where Aco~, qz, and r2 are the frequency shift, charge, 
and cyclotron radius of rrz2 and B is the magnetic field 
strength. Rearranging yields eq 8, a time-dependent 
analytical expression for the negative shift in the cy- 
clotron frequency of m2. 
FL 
Aw,=- 
q2r2B 
Equation 8 allows a time domain signal to be gener- 
ated which contains this time-dependent frequency 
modulation. The waveform can then undergo Fl to 
examine the frequency domain spectrum where the 
effects of this space-charge-induced frequency modu- 
lation will be more apparent. 
Experimental 
All the simulated data were generated using an HD 
486 personal computer (High Definition Systems, 
Sunnyvale, CA) equipped with W.A.V.E. Version 1.11 
(Vespine Software, Urbana, IL), a commercial software 
package that provides a waveform generation and 
processing environment. A program was written which 
utilizes this environment to model both the perturbed 
and unperturbed cyclotron transients of selected mass 
ions and displays a magnitude-mode discrete FT of 
these waveforms. The perturbed cyclotron frequency 
was calculated by subtracting the space-charge-in- 
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duced frequency shift (eq 8) from the ion’s true cy- 
clotron frequency as a function of time. All simulations 
were done using typical FTICR parameters which in- 
cluded a 3.0 T magnetic field strength and an ion 
orbital radius of 1 cm. The difference between cy- 
clotron radii of the test charge and the perturbing 
charge was held constant at 1 mm. An exponential 
damping constant, 7, was applied to the transients and 
the observation period was set at 37 in all cases. The 
program allows for easy variation of all experimental 
parameters including ion masses, number of data 
points, bandwidth, ion number, and damping con- 
stant. 
The experimental FTICR spectra were generated 
with an FTICR spectrometer that included a 3.0 T 
superconducting magnet, a 2-inch cubic trapped ion 
cell, and ultrahigh vacuum chamber maintained at a 
background pressure in the low 10m9 torr range. Milli- 
pore Extrel Instruments (Madison, WI) FTMS software 
version 6.0 installed on a Nicolet Analytical NMC 1280 
computer was used for data acquisition and process- 
ing. 
FTICR spectra were acquired for methylnaphtha- 
lene which was leaked into the analyzer chamber to a 
pressure of 9 X lo-’ torr. A 13 eV electron beam 
operated at various emission currents and beam event 
times was used for ionization. Electron ionization (El) 
products other than ions at m/z 141 and 142 were 
ejected from the cell prior to detection. A 2.0 V trap 
plate potential was used. The m/z 141 and 142 ions 
were excited for detection with a 100 us, 60 Vpp 
radiofrequency pulse applied at a frequency midway 
between the m/z 141 and 142 ions. Broadband detec- 
tion was performed with sufficient resolution to distin- 
guish the sidebands. 
Results and Discussion 
The ability to model time-dependent frequency modu- 
lation of the time domain ICR signal provides a unique 
opportunity to examine the effect of this modulation 
on the observed ICR frequency and linewidth. Figure 3 
shows the radial Coulomb force on m2 as a function of 
the position angle 0 (which is a function of time). This 
was obtained by plotting eq 6 as a function of 0. The 
shape of the modulation is very similar to results 
presented in previous work by Chen and Comisarow 
[16]. This force modulation results in a corresponding 
ICR frequency modulation. Since some type of fre- 
quency modulation must certainly occur in the FTICR 
experiment, it is important to consider the likely conse- 
quences of such modulation. The general effects of a 
simple sinusoidal frequency modulation are shown in 
Figure 4. When no modulation occurs, as in Figure 4a, 
FT yields a lorentzian lineshape with a linewidth char- 
acteristic of the observation period. Figure 4b depicts a 
modulation that completes many cycles during the 
observation period. The FT of this type of transient 
yields a spectrum similar to that of Figure 4a, with the 
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Pigwe 3. Radial Coulomb force on m2 due to m, as a function 
of the position angle 0 (see Figure 1). The forcealso depends on 
ion number and radius. This force produces an identically shaped 
frequency modulation. 
addition of sidebands, spaced at intervals equal to the 
modulation frequency, which remove amplitude from 
the central peak. However, if only one cycle of the 
modulation is completed during the observation pe- 
riod, as in Figure 4c, the sidebands can no longer be 
resolved. This effectively broadens the peak of interest. 
The appearance of sidebands in the frequency spec- 
trum is a consequence of any type of frequency modu- 
lation [lfi]. For a simple sinusoidal modulation such as 
the one shown in Figure 4, the amplitude of the side- 
bands is a function of the modulation index, which is 
described by eq 9 
M = Aw/f (9) 
where Aw is the maximum frequency shift from the 
true cyclotron frequency of the ion and f is the fre- 
quency of the modulation between ions. The ampli- 
tudes of the sidebands vary as Bessel functions of 
integral order of the first kind and are spaced at 
F.T. 
F.T. 
F.T 
Figure 4. General effects of frequency modulation on peak 
shapes for (a) a constant frequency, (b) a modulation period 
much shorter than the observation period, and Cc) a modulation 
period equal to the observation period. Line broadening is ob- 
served only when the modulation period is comparable to the 
observation period. 
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intervals of f from the peak of interest. For the more UNPERTURBED PERTURBED 
complicated modulation presented in Figure 3, no such 
simple relationship exists. The modulating wave can 
a 
be broken down into its Fourier components and 
treated as an ensemble of sinusoidal modulating waves 
[19]. However, this method is only applicable when 
the modulation index is small and is then only approx- 
imate. For a complicated modulation the spacing and 
amplitudes of the sidebands are much less predictable, J&L_& 
with possible consequences being asymmetrical peak 
amplitudes and uneven sideband spacing. Although 
no theoretical treatment was carried out in this work, a 
simple empirical study showed that as the modulation 
index increased, the number and collective amplitude 
of observable sidebands also increased. Obviously the 
modulation index will increase when ion number in- 
creases, but it will also increase as the modulation 
frequency, f, is reduced. As a consequence, this type of 
spectral perturbation is more pronounced fo; -ions 
which are closely spaced in frequency. C 
Model Simulations 
The broadening predicted in Figure 4 occurs only when 
the period of the modulation is comparable to the 
observation period (it is only then that the sidebands 
cannot be resolved). This again implies that the fre- 
quency difference between ion packets must be very 
small, which explains the insignificance of this mecha- 
nism for low mass measurements (< 500 u) except 
when ion number is very large. In contrast, as higher 
mass ions are considered, this requirement becomes a 
natural occurrence not only because the frequency 
difference between ions gets smaller, but because iso- 
tope peaks are increasingly prominent in the mass 
spectrum. As was noted earlier, it is at approximately 
m/z 2000 for a 3.0 T magnet that high resolution 
FTICR spectra are no longer routinely acquired. There- 
fore we consider as a model a peptide with a mass of 
2000 u with equal abundance M and M + 1 ions (this 
corresponds to a molecule which contains about 100 
carbon atoms). The modulation period for ions of nt/z 
2000 and 2001 is 87 ms, a time which is comparable to 
a medium resolution FTICR detection event. 
Shown in Figure 5 are comparison spectra of modu- 
lated and unmodulated transients, all acquired for 150 
ms. Ion pairs at m/z 500 and 501, 1000 and 1001, and 
2000 and 2001 are presented, with each modulated 
spectrum modeling the interaction of 50,000 ions. At 
lower mass the modulation frequency is relatively large 
and the sidebands which are generated are clearly 
resolved. However, as the mass-to-charge ratio is in- 
creased, the modulation frequency becomes smaller. 
The sidebands then become more closely spaced and 
therefore harder to resolve. When the masses consid- 
ered are increased to m/z 2000 and 2001, the period of 
the modulation (87 ms) is comparable to the observa- 
tion time (150 ms) and the sidebands can no longer be 
Figure 5. Computer simulated spectra of perturbed and unper- 
turbed ion pairs at (a) m/r 500 and 501, (b) m/z 1000 and 1001, 
and (cl m/z 2000 and 2001. All ion packets contain 50,000 ions 
and the observation period is 150 ms in all cases. Each of the two 
lower mass ion pairs produce sidebands when perturbed while 
the high mass ion pair, which has a modulation period of 87 ms, 
exhibits substantial line broadening, in agreement with the model. 
separated from the peaks of interest. This results in a 
broadened linewidth. 
A more detailed examination of the sidebands is 
presented in Figure 6, which shows the effect of in- 
creasing the acquisition period on the observed line- 
shapes of 50,000 interacting ions. In Figure 6a the 
acquisition time exactly matches the modulation pe- 
riod. Although the two peaks are not clearly resolved 
even for the unmodulated case, the lineshapes are 
noticeably broadened due to the unresolved sidebands 
that are produced. If the acquisition time matches two 
modulation periods, as in Figure 6b, most but not all 
of the sidebands are resolved from the still broadened 
lineshapes. In Figure 6c the acquisition time has been 
lengthened to four modulation periods. In this case no 
line broadening is evident and presumably all of the 
sidebands have been resolved. It should be noted here 
that this line broadening mechanism can occur over a 
large range of acquisition times which need not be 
exact multiples of the modulation period. ln fact, the 
frequency modulation is a continuum effect, with the 
sideband spacing varying from infinitely small to in- 
finitely large. The sidebands are always present but are 
harder to resolve as their spacing decreases. 
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a 
Figure 6. The effect of observation period on the observed 
liieshapes of the ion pair at m/z 2000 and 2001. Observation 
times are (a) 87 ms (equal to the modulation period), (b) 174 ms 
(twice the modulation period), and Cc) 348 ms (four times the 
modulation period). As the observation period becomes shorter, 
line broadening occurs because the sidebands can no longer be 
resolved. 
Equation 6 predicts an increasing Coulomb force as 
the number of ions involved increases. It might then be 
expected that Coulomb-induced line broadening would 
also increase with increasing ion number. This is re- 
flected by the model in Figure 7, where ion numbers of 
0, 50,000, 100,000, and 400,000 are presented. If 
Coulomb effects are not included, ions of nt/z 2000 
and 2001 are nicely resolved using a 150 ms acquisi- 
tion time. When the Coulomb modulation is included, 
broadening occurs and worsens as ion number is in- 
creased. If 400,000 ions are included in each point- 
charge, coalescence of the two peaks is complete. 
It is appropriate at this point to consider situations 
in which line broadening as a result of this mechanism 
might not occur. This model presents the case in which 
only two different mass-to-charge states are consid- 
ered. As more species are included, the modulation 
will become more complicated (superposition is not 
necessarily valid) with effects on the spectrum becom- 
ing equally complex. However, if enough different 
species are present, the modulation should decrease as 
the Coulomb force on a given ion packet becomes 
more constant with time. This may be the case for 
cluster formation and polymer ionization in which 
Figure 7. The effect of ion number on the observed lineshapes 
of the ion pair at m/z 2000 and 2001. Ion numbers are (a) 0 ions 
(the unperturbed case), which results in two nicely resolved 
peaks, (b) 50,000 ions, Cc) 100,000 ions, and (d) 400,000 ions, 
which results in total coalescence of the two peaks. 
large envelopes of systematically varying mass-to- 
charge states are generated. In these cases so many 
different mass-to-charge states are generated that it is 
possible that no beat pattern is observed during the 
detection period. The lack of a beat pattern implies 
that modulation has not occurred. This apparent ab- 
sence of frequency modulation is a consequence of 
motional averaging effects from the large ensemble 
of ion packets. The result is the near constant, time- 
independent radial Coulomb force which is predicted 
to cause frequency shifts but no line broadening [15, 
161. Thus it is not inconsistent with the model that 
these ionization processes have been utilized to obtain 
high resolution, high mass FTICR spectra [4, 201. 
Experimental Evidence for tke Model 
Conclusive validation of the model requires the obser- 
vation of sidebands spaced at the difference frequency 
of two neighboring peaks. Experimental conditions that 
promote the generation of sidebands include the pres- 
ence of two large ion populations closely spaced in 
frequency. The smaller the masses of the two ions, the 
larger the ion population must be to generate observ- 
able sidebands (assuming a constant mass difference). 
As stated earlier, the presence of other ions in the cell 
would tend to suppress the modulation amplitude 
between the two primary ions packets. 
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The low energy EI spectrum of methylnaphthalene 
exhibits ions at m/z 141 and 142 with a frequency 
difference of 2319 Hz. Although this difference is rela- 
tively large, we had reason to believe that a sufficient 
population of the two ions could be generated to 
observe the sidebands. Several years ago, while evalu- 
ating suspended trapping pulse sequences for alleviat- 
ing space charge in the gas chromatography experi- 
ment [Zl], we observed that FTtCR spectra of large 
methylnaphthalene ion populations were far more sus- 
ceptible to space-charge distortion than equivalent 
populations of similar molecules. The only distinguish- 
ing characteristic of methylnaphthalene was the pres- 
ence of two closely spaced ions in the EI specbum. We 
speculated that coulombic interactions between these 
ion populations was responsible for the distortion 
which prompted the investigation that led to the model 
presented here. 
Presented in Figure 8 are FIICR spectra of methyl- 
naphthalene acquired under conditions which pro- 
moted a hundredfold difference in the ion population 
present in the cell. Presented in Figure 9 are the best 
matches of simulated spectra to these experimental 
spectra. The spectrum of the smaller ion population in 
Figure 8a exhibits peaks for the molecular ion, a hy- 
dride abstraction product, and a i3C isotope product at 
(M + 1)‘. A small peak corresponding to loss of two 
hydrogens is also observed. The spectrum of the large 
ion population in Figure Sb exhibits the expected ions, 
but additionally includes peaks at nominal values 
ranging from m/z 136 to 147. In some cases more than 
one peak is observed at each nominal mass-to-charge 
ratio value. 
In interpreting the peaks from the spectrum in Fig- 
ure Sb, there are several possible explanations. From a 
perspective in which the peaks correspond to detection 
LOW ION NUMBER 
HIGH ION NUMBER 
m/r 
a 
136 138 140 142 144 146 
m/z 
148 
b 
Figure 8. Experimental FTICR spectra of methylnaphthalene 
ions formed by 13 eV EI in (a) a 5 /m, 5 ms beam event and (b) a 
60 ALA, 50 rns beam event. 
a 
b 
i 
142 
m/z 
Figure 9. Simulated FTICK spectra of methylnaphthalene ions 
at m/z 141 and 142 wing (a) 1000 ions and 0~) 100,000 ions. 
of real ions, the peaks below the molecular ion peak 
would correspond to loss of up to six hydrogens. The 
peaks above the molecular ion peak would correspond 
to addition of up to five hydrogens. Some contribution 
from 13C isotope peaks would also occur. If the peaks 
corresponded to artifacts predicted by the Coulomb 
line broadening model, then the spectrum would in- 
clude an envelope of sideband peaks separated by f 
(2319 Hz in this case). 
The simulation program that generated the spectra 
in Figure 9 is not sophisticated enough to reproduce 
precisely the experimental data shown. The primary 
limitation is that the program presently accommodates 
only two ions when clearly ions of other masses are 
present in the trapped ion cell. These additional ion 
packets would both suppress to some extent the mod- 
ulation between the two primary ions but would also 
contribute additional modulation peaks. Therefore it is 
not surprising that in some cases multiple peaks for 
the same nominal mass-to-charge ratio are observed. 
It can be argued that all the peaks in Figure 8b 
correspond to real ions. However, it is possible to 
distinguish real ionic signals from sideband peaks. 
Real ions corresponding to the gain or loss of hydro- 
gens in the spectrum will be present at equal spacings 
corresponding to the mass of a hydrogen. Sidebands 
will be present at equal frequency spacings corre- 
sponding to the frequency difference of the m/z 141 
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and 142 peaks. The peak differences in Figure 8b are 
plotted in Figure 10 along with predicted lines for 
isomass and isofrequency differences. The data clearly 
reject the possibility that the spectral peaks are real 
and instead conform to the constant frequency spacing 
predicted by the 2D line broadening model. 
Conclusions 
In the present work a 2D point-charge model is devel- 
oped and demonstrated to be useful for studying 
Coulomb effects between ions in FTICR. By using this 
new model, an analytical expression is derived that 
describes a time-dependent Coulomb force between 
ions which modulates their respective ICR frequencies. 
This modulation is studied by computer simulation 
and is found to cause spectral sidebands which cannot 
be resolved when the period of the modulation is 
comparable to the observation period. Experimental 
evidence to validate the model is presented for a low 
mass, large ion population environment. 
The line broadening is more likely to occur at high 
mass (greater than m/z 2000 at 3 T), where the fre- 
quency difference between equally abundant isotope 
peaks is very small, thereby reducing the size of the 
population necessary to observe the effect and also 
allowing the period of the modulation to match a 
typical high resolution FTICR detection period. The 
model suggests that systems which produce many 
different mass-to-charge states, such as laser desorp- 
tion ionization of polymers and cluster formation, can 
avoid this modulation mechanism because of motional 
averaging and that, consequently, high resolution, high 
mass spectra for these systems should be more easily 
generated. 
Work to be done in the future will include exten- 
sion of the model to three or more different-mass ions. 
This is important because as higher mass biomoleculcs 
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Figure 10. (o) Peak differences for adjacent nominal mclss ions 
in Figure 8b are compared to predicted curves if (p ) the peaks 
represent KXW separated in spacing by a single hydrogen atom or 
(- - -) the peaks correspond to a constant frequency difference 
of 2319 Hz. 
are considered, more isotope peaks will be prominent 
in the mass spectra. The complex modulations which 
result from multiple ion packets should allow greater 
insight into these interactions and their consequences 
on real FTICR spectra. Additional experimental verifi- 
cation of the mechanism for high mass ions will be 
attempted. 
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